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The status and conservation requirements of the Green and Golden Bell Frog Utoria aurea were the 
focus of immense scrutiny 12 years ago. In this paper I review what progress has occurred since then 
in understanding the ecology of this species because ecological research is of fundamental importance 
to the recovery of threatened species. Field surveys and collation of unpublished information have led 
to a very detailed understanding of the distribution of this species, including recognition that some 
populations have become extinct since 1996. Population studies involving the permanent tagging of 
individuals have revealed substantial variation in the size of populations but further research is needed 
to relate population size to viability. 

Two major threatening processes (habitat loss and predation by exotic fish) were implicated in 1996 
in the decline of the Green and Golden Bell Frog, though others were acknowledged. Provision of 
breeding habitat has been a key element of bell frog management since then but despite some success, 
there have been few general insights gained concerning its effectiveness to allow existing populations 
to expand. Attempts to translocate bell frogs to suitable breeding habitat have failed to establish 
self-sustaining populations but insights have been gained concerning husbandry, infection control and 
optimal field conditions for tadpole development. 

Studies conducted since 1996 have confirmed the negative impact of predation by the exotic Plague 
Minnow Gambusia holbrooki on bell frog breeding success. Although fish predation is a prominent 
consideration when devising management plans for breeding habitat, our understanding of the role of 
this threat in regulating frog populations is still limited.The amphibian chytrid fungus Batrachochytrium 
dendrobatidis has now been recognized as an additional key threat to bell frog populations but research 
on this is in its infancy. 

My attempt at a general synthesis to understand the dramatic decline of the Green and Golden Bell 
Frog suggests that habitat loss and fragmentation were the ultimate cause because they predisposed 
the species to the impacts of fish predation and disease. The species has persisted where multiple 
waterbodies, including those that are fish-free, occur within I -2 km of each other.This provides a clue 
to conserving populations - it is likely that local population size and viability will be correlated with the 
number of available waterbodies. Progress to enhance the viability of key populations in each region 
has been slow. If this does not occur more quickly then extinction will prevail. 
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Introduction 

The Green and Golden Bell Frog hitoria aurea provides 
a cautionary tale to conservation biologists. It was once 
a conspicuous and abundant species throughout south¬ 
eastern Australia (Barker et al. 1995; Gillespie 1996; 
White and Fyke 1996) to the extent that it was collected 
for university class dissections and as food for captive 
snakes (Osborne et al. 1996; White and Fyke 1996, 
1999). Despite this apparent abundance it declined 
precipitously during the 1980s, leading to its listing as 
an endangered species in New South Wales (NSW) in 
1992 and as vulnerable by the Commonwealth in 1997 
(Goldingay and Lewis 1999). By 1995 it was known 
from about 40 locations in NSW and few appeared to 
contain more than about 20 individuals (White and 
Fyke 1996). 


Little research was conducted on the Green and Golden 
Bell Frog prior to 1990. Its listing in NSW led to it being 
considered in a number of development assessments; 
notably at Sydney Olympic Fark and at Roseberry 
(Fyke and White 2001; Darcovich and O’Meara 2008; 
McFadden et al. 2008). With its listing came wider 
recognition that research was needed to address its 
conservation requirements. This led to a symposium 
being held in Sydney in 1995 to allow dissemination 
of recent research on this species and discussion of 
its conservation requirements. A proceedings of that 
symposium was published the following year (see Fyke 
and Osborne 1996). A second symposium on bell 
frog ecology and conservation was held in 2006 to 
disseminate research findings and promote discussion 
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of conservation actions. This symposium also included 
consideration of the threatened Southern Bell Frog 
Litoria raniformis. 

The aim of this paper is to review what has been achieved 
by ecological research on the Green and Golden Bell Frog 
since 1996, as a way of both documenting its adequacy for 
informing management and as a way of identifying gaps in 
our understanding. A further aim is to attempt to provide 
a grand synthesis that may enhance our understanding of 
the factors responsible for the decline of this species and the 
possible solution to its conservation. While acknowledging 
that there is a considerable amount of information within 
the grey literature on this species (see Pyke and White 2001; 
White and Pyke 2008a), this paper relies on published studies 
because these provide a reliable measure of research activity, 
and peer-review prior to publication should guarantee the 
veracity of the results of such studies. This paper focuses on 
the Green and Golden Bell Frog but this and the Southern 
Bell Frog have much in common, so research on one can 
inform conservation of the other. 

State of knowledge in 1996 

In 1996 there were 14 papers published dealing with the 
ecology and one on the genetics of the Green and Golden 
Bell Frog (Fig. 1). These studies covered about 7 broad topics. 
Five studies considered issues relating to distribution and 
abundance, while four provided reviews of management and 
conservation issues. This provided a reasonable starting point 
for recovery planning and for further research. Goldingay 
(1996) identified the kind of research additional to that 
presented in 1996 that was needed for the conservation 
of the Green and Golden Bell Frog. This included; habitat 
preference and use, population dynamics, a population 
viability analysis, experimental studies that control exotic 
fish predators, assessment of the role of translocation and 
genetics. Progress in a number of these research areas has 
been limited or non-existent. In the period 1997 to 2006, a 
further 22 studies were published. The main topics covered 
are reviewed below. 

lUJ 

1996 1997-98 199M0 2001-2 2003-4 2005-6 2007-8 

Year periods 

Figure I.The number of studies published on the Green 
and Golden Bell Frog during the last 12 years. 

Distribution and relative abundance 

Several studies in 1996 examined the broad geographic 
distribution of the Green and Golden Bell Frog. White and 
Pyke (1996) provided a detailed account of 92 sites in NSW 
where the bell frog occurred historically. They documented 
surveys conducted since 1990 that revealed the species was 


present at only about 40 sites and that maximum count 
data suggested that all but four populations were very small 
in size. Osborne et al. (1996) documented the historic 
distribution of the Green and Golden Bell Frog, Southern 
Bell Frog Litoria raniformis and Yellow-spotted Bell Frog 
Litoria flavipunctata/castanea on the southern tablelands of 
NSW They documented a widespread disappearance of all 
species. Lemckert (1996) reviewed surveys conducted by 
the State Forests of NSW that included many areas deemed 
suitable for the Green and Golden Bell Frog and where there 
were some historic records but none were found. In contrast, 
Gillespie (1996) documented the range of the Green and 
Golden Bell Frog in north-east Victoria. He concluded that 
the species was widespread in this region and that there was 
no evidence of a decline. 

Since 1996, several studies have focused on particular 
regions. White and Pyke (1999) described the historic 
disappearance of bell frogs from the Bathurst-Orange 
area. Lewis and Goldingay (1999) conducted surveys and 
confirmed the disappearance of the Green and Golden 
Bell Frog from a number of locations in north-east 
NSW Goldingay and Lewis (1999) conducted surveys in 
the Illawarrra region and documented locations where 
the species still occurred. Wassens and Mullins (2001) 
conducted surveys near Queanbeyan and discovered 
what might be the only remaining bell frog population 
on the southern tablelands of NSW Daly and Senior 
(2003) conducted surveys on the far south coast of NSW 
Daly et al. (2008a) have completed detailed surveys at an 
important location on the south coast. 

The draft recovery plan provided a very detailed account 
of the distribution and relative abundance of the Green 
and Golden Bell Frog throughout NSW (DEG 2005). 
This suggested that there were 43 populations and as 
many as 115 subpopulations. This provides an important 
starting point for recovery planning. Subpopulations 
were recognised to account for breeding sites that are 
physically isolated and among which frog dispersal may 
be infrequent. This has some merit but highlights how 
poor our current understanding is of bell frog migration 
and dispersal. It is somewhat contentious because it may 
suggest that a specific population has greater resilience 
than it really does. It highlights an area where further 
research is needed. 

White and Pyke (2008a) have recently resurveyed all the 
known locations and have concluded that up to 8 of 31 
populations have suffered local extinction. The status of 
several other populations remains unknown and some 
may also be extinct. Gontinued monitoring of populations 
must continue well into the future. Further reviews 
and collation of recent data have occurred for several 
populations in NSW (DEG 2007a,b,c,d,e,f,g). 

Population ecology 

No studies in 1996 dealt with aspects of population ecology 
but 13 have been published since then. Goldingay (1996) 
highlighted the need to describe population structure 
and dynamics at several sites. Initial studies attempted to 
describe population dynamics based on simple count data. 
At Port Kembla, the detection of frogs varied considerably 
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from night to night and inconsistently from site to site 
(van de Mortel and Goldingay 1998; Goldingay and Lewis 
1999). Repeated surveys across different months can 
provide an index of relative abundance that can inform 
management priorities (Goldingay and Lewis 1999). Such 
surveys have allowed variation in the number of juvenile 
frogs to be documented, providing insights into the 
frequency and relative success of breeding at different sites 
(Goldingay and Lewis 1999). The highest single count 
was 422 juveniles at Coomaditchy Lagoon, whereas < 15 
juveniles were seen at each of four other sites. 

Pyke and White (1999) used count data to reveal changes 
over a 3-year period in three artificial ponds at Homebush 
Bay. They found differences in the relative number of adult 
bell frogs at these sites. They observed no breeding at a 
permanent pond where the highest number of frogs was 
recorded. This was consistent with their earlier analysis 
of 74 bell frog sites, which revealed that breeding was 
significantly more likely to occur at sites with ephemeral 
ponds (Pyke and White 1996). 

Permanent tagging of frogs allows more detailed information 
to be collected on the number of individuals present at a 
site and movements between captures. Christy (1996) 
first recognized the value of using passive integrated 
transponder (PIT) tags to mark bell frogs. Goldingay and 
Newell (2005a) used PIT tagging to provide a preliminary 
estimate of the number of bell frogs in a coastal lagoon 
in Yuraygir National Park (NP) in northern NSW They 
tagged 147 frogs over a h-year period and estimated the 
population to be at least 100 adult male frogs in the first 
year when more field work was conducted. Relatively 
few adult females were captured, suggesting either quite 
different habitat use to males or a highly skewed sex ratio 
(1 female;7.2 males). Breeding at this location was erratic 
and mostly associated with ephemeral ponds. At Port 
Kembla, Goldingay and Newell (2005b) tagged 244 adult 
frogs over a 4'year period at 3 waterbodies 0.5-2 km apart. 
They estimated the population to be at least 300 adult 
male frogs in the third year when more frogs were tagged. 
The sex ratio over the course of the study was 1:2.5, which 
suggests that at least 85 adult females were present. On 
Kooragang Island near Newcastle, Hamer and Mahony 
(2007) tagged 779 frogs from 32 waterbodies over two 
years. Their mean estimate of the adult male population 
size was at least 900 individuals. 

Hamer and Mahony (2007) reported a sex ratio of 1:2.4, 
which is similar to that at Port Kembla. Whether the vastly 
different sex ratio at Yuraygir was due to a sampling bias 
or signals disfunction in a small population is unknown. 
Greer and Byrne (1995) recorded a 1:1 sex ratio in bell 
frog metamorphs from one location in Sydney. However, 
variation among locations may occur and differential 
mortality of the sexes as frogs mature may produce ratios 
that deviate from 1:1. There are few published data on 
sex ratio for Australian frogs because there have been 
few detailed studies of population ecology (see Lewis and 
Goldingay 2005). Understanding population sex ratios is 
important because this may allow better estimates of the 
female component of the population, which is what will 
ultimately influence population viability. 


Pyke and White (2001) refered to unpublished data indicating 
that the popularion on Broughton Island may contain 1000 
adults, and anecdotal evidence that Homebush Bay, Kumell, 
Culburra, Meroo Lake, and Crescent Head each may also 
contain 1000 adults (but see Daly et al. 2008a). Knowing the 
size of different populations is central to recovery planning 
and may influence the priority given to management at a site. 
In some circumstances it may lead to on-site conservation 
being discontinued (e.g. Rosebery: see White and Pyke 
1996, 2008b). Penman and Lemckert (2008) advocated the 
use of site occupancy models for monitoring populations but 
not all locations contain adequate numbers of waterbodies 
to use this approach (e.g. Yuraygir NI) Port Kembla) and 
absence of frogs from key breeding sites may be of great 
ecological significance rather than just statisrical significance. 
Ultimately, conservation must be directed towards ensuring 
viable populations (Goldingay 1996; Goldingay and Lewis 
1999). This will be informed by detailed information on 
the size of popularions. Tagging studies may need to be 
repeated on a 5-10 year basis to gain a better understanding 
of popularion stability at key locations. 

Three recent studies in which translocation and 
reintroduction of bell frog tadpoles have occurred 
employed visual encounter surveys and tagging to monitor 
recruitment of juvenile and adult frogs (Daly et al. 2008b; 
Pyke et al. 2008; Stockwell et al. 2008). These studies 
highlight the need for an understanding of bell frog 
dispersal behaviour. 

Few data have been published on juvenile recruitment 
despite the critical importance of this to population 
dynamics. Pyke and White (1999) observed differences in 
the number of juvenile frogs (metamorphs) at three ponds 
at Homebush Bay, which partly reflected different breeding 
activity. Goldingay and Lewis (1999) recorded temporal 
variation in juvenile recruitment and vast differences among 
locations in Port Kembla. Goldingay and Newell (2005a) 
also recorded temporal variation in juvenile recruitment in 
Yuraygir NP Temporal variation in rainfall was implicated by 
both studies as the factor causing variation in recruitment. 
O’Meara and Darcovich (2008) recorded variation in 
juvenile recruitment which reflected their imposed pattern 
of draining and refilling of ponds to control gambusia. 
Osborne et al. (2008) reported temporal changes in juvenile 
numbers within a season across three ponds. Daly et al. 
(2008a) recorded just 7 juveniles during surveys scattered 
over several years in south-east NSW 

Juvenile bell frogs are likely to incur high rates of mortality. 
There are several reports of adult bell frogs feeding on 
juvenile bell frogs at ponds (Miehs and Pyke 2001; Pyke 
and White 2001; White 2006). The significance of this 
is unknown, though artificial conditions may have some 
influence. The largest number of juvenile bell frogs 
reported is that at Coomaditchy Lagoon where 422 were 
counted on a single night following a count of 196 the 
previous day (van de Mortel and Goldingay 1998). No 
adult bell frogs were seen at night and few in the previous 
week. At Yuraygir, few adults were recorded in the 
areas where juveniles were seen (Goldingay and Newell 
2005 a). These observations serve to highlight how little is 
known of the behaviour of juvenile bell frogs. 
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Genetics 

Understanding aspects of the genetics of a species 
is of key importance for a species’ recovery (Colgan 
1996; Burns et al. 2004). However, given the enormous 
amount of research that has occurred in this area, both 
empirical and theoretical, it is possible to some extent to 
generalize those findings for the recovery of threatened 
species when genetic data are absent. For example, 
populations reduced to small size are likely to be subject 
to inbreeding effects and ultimately reduced genetic 
diversity (Primack 1998). Populations that are isolated 
will be subject to genetic drift and if isolated for long 
periods of time are likely to diverge genetically from 
other populations (Primack 1998). Such populations are 
likely to show local adaptation to their environment. 
Therefore, species recovery can be guided by genetic 
principles until specific data become available. For 
example, concern should be expressed when populations 
are reduced to very small sizes due to the likely loss of 
genetic fitness. If individuals have to be translocated to 
augment populations or establish new ones, then loss 
of local adaptation can be overcome by limiting the 
distance over which individuals are moved (Colgan 
1996; Goldingay 1996). 

Burns et al. (2007) examined genetic structure in 
populations of the Green and Golden Bell Frog from 
across its geographic range. They found there was no 
phylogeographic structure, suggesting that historically 
there were no major barriers to dispersal. However, 
they also found that there was some structure among 
populations, with the more isolated populations showing 
genetic divergence (see also Burns et al. 2004). The 
Broughton Island population showed reduced genetic 
diversity, which was expected for a population that has 
probably been isolated for a long period of time. Burns 
et al. (2007) concluded that current levels of genetic 
diversity for the species were adequate but that if 
translocation was to occur for demographic reasons, then 
the highly differentiated populations (Broughton Island, 
Queanbeyan, Crescent Head/Yuraygir) should not be 
used as source populations. This confirms that some 
caution should be shown if employing translocation. 
Burns et al. (2004, 2007) urged the conservation of 
populations in close proximity to maintain genetic 
diversity and adaptive potential. These findings support 
the idea that management units scattered throughout 
the geographic range are appropriate. Furthermore, it 
would be prudent to also give the highly differentiated 
populations (Fig. 2) some management emphasis. 

Habitat use 

Bell frogs use habitats for breeding, foraging, shelter and 
hibernation. In 1996, descriptions of habitat use were 
confined to evaluating the attributes of breeding sites. 
Osborne and McElhinney (1996) described the basic 
attributes of five potential breeding sites on Bowen Island 
at Jervis Bay. Pyke and White (1996) collected habitat 
data for most breeding sites where Green and Golden 
Bell Frogs had been detected in NSW since 1990. This 
included physical attributes (e.g. size of water body, level 


Figure 2. A frog from theYuraygir National Park population 
showing the predominance of brown colouration that 
characterizes this population. 

of disturbance) as well as biotic ones (e.g. plant species, 
presence of Plague Minnows Gambusia holbrooki). They 
differentiated between sites where breeding was known 
and not known. Their statistical analysis identified 
ephemeral waterbody and absence of predatory fish as 
important for breeding. They described a set of attributes 
that commonly occurred at sites with bell frogs and used 
this to recommend attributes for sites being managed for 
bell frogs. Some limitations of this study were described 
by Hamer et al. (2002a). 

Pyke and White (2001) noted that most earlier accounts 
of the habitat used by bell frogs were so general that 
they encompassed most waterbody types. Pyke et al. 
(2002) provided a basic description of biotic and abiotic 
habitat variables for breeding sites in NSW, Victoria and 
New Zealand. They found a preference for small ponds 
that were either ephemeral or where the water level 
fluctuated greatly. They concluded that despite some 
common habitat features (e.g. emergent vegetation), 
bell frogs could tolerate sites without such features. Basic 
descriptions of habitat at breeding sites were provided for 
Yuraygir NP (Goldingay and Newell 2005a) and for Port 
Kembla and other Illawarra sites (Goldingay and Lewis 
1999; Goldingay and Newell 2005b). 

Hamer et al. (2002a) described habitat at 43 waterbodies 
on Kooragang Island near Newcastle. They compared 
numerous biotic and abiotic habitat variables for 
waterbodies with and without bell frogs. They found 
that the presence of adult bell frogs at waterbodies 
was explained statistically by the greater abundance of 
certain plants (e.g. Juncus kraussii), and these plants 
were also favoured for basking and foraging. They also 
noted that whether a waterbody was occupied was partly 
dependent on proximity to other waterbodies. 

Hamer et al. (2002b) noted that the recent literature 
on bell frogs had suggested that fish-free ephemeral 
waterbodies were the optimal breeding habitats, 
but early accounts (e.g. Courtice and Grigg 1975) 
considered permanent ponds to be optimal. To test 
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this notion they conducted a laboratory experiment in 
which they manipulated water volume and presence 
of plague minnows. Although such an experimental 
approach has merit, it is unlikely they adequately 
simulated an ephemeral waterbody or the presence of 
predatory fish. They found that bell frog tadpoles did not 
respond to these stimuli with accelerated development 
and concluded that ephemeral waterbodies were 
suboptimal. They also suggested that bell frogs appear 
to have “no history of co-existence with fish”. This 
observation seems to derive from Victoria where bell 
frogs occur in fish-free waterbodies (Gillespie 1996). 
However, it conflicts with observations of large native 
fish populations in permanent waterbodies occupied by 
bell frogs in north-east NSW (Goldingay and Newell 
2005 a). The negative impact that exotic and native fish 
can have on bell frog tadpoles suggests that fish have 
always played a key role in the use of breeding habitats 
but this is not well understood. That male bell frogs 
on Kooragang Island moved more often to ephemeral 
waterbodies than expected based on availability (Hamer 
et al. 2008) suggests that ephemeral ponds do play an 
important role in the breeding strategy. Indeed, over 
a 3-year period Pyke and White (1999) only recorded 
male calling and bell frog tadpoles in two ephemeral 
ponds and not in a permanent pond, despite a greater 
number of adult bell frogs being observed at the 
permanent pond. 

Hamer et al. (2003) conducted an experiment in outdoor 
enclosures to assess winter retreat site selection by 
juvenile bell frogs. Frogs were provided with piles of 
bricks with varying size gaps between bricks and varying 
amounts of sun exposure. They found a preference for 
sheltering in small gaps and to bask when aquatic habitat 
was provided. 

Despite some advances in our understanding of habitat 
preference and habitat use in the last 12 years, the 
way frogs use habitat features in the field is still poorly 
described. Because a large part of the bell frog lifecycle 
is geared towards breeding and therefore breeding sites, 
breeding habitat is typically treated as synonymous with 
habitat. Bell frogs are often seen basking at breeding 
sites, which reinforces the notion that this species is 
dependent on waterbodies for all it resources. This is not 
true because it appears that females spend a considerable 
amount of time away from breeding sites. What habitats 
and microhabitats they use and whether located nearby or 
well away from breeding sites are largely undocumented. 
There is a need to describe diurnal refuge sites and 
winter hibernation sites. Describing these at natural 
and artificial sites will be useful to management. The 
characteristic diurnal basking behaviour of bell frogs 
(Pyke and White 2001) is poorly understood. Hamer et 
al. (2003) suggested that basking allows growth rates to 
be maximised. There is also a need to describe the use 
of microhabitats by juvenile frogs. The focus on breeding 
sites has been of considerable value to management but 
the overall conservation of this species will be enhanced 
by an increased understanding of the use of other 
habitat elements. 


Movement patterns 

Knowledge of the spatial movements of bell frogs is 
critical to habitat restoration and to understanding their 
population dynamics. The distances moved by bell frogs 
can be described based on the recapture of tagged 
individuals or from radio-tracking. Pyke and White (2001) 
reported that one individual that was followed at night as 
it foraged moved 1.5 km. They also reported movements 
by tagged individuals of 2-3 km. Ghristy (2001) recorded 
maximum distances moved by tagged frogs at Homebush 
Bay and Kurnell of 632 m and 450 m, respectively. 

In Yuraygir NI) Goldingay and Newell (2005a) found 
tagged male frogs moved 300-500 m from a permanent 
lagoon, where they were first captured, into ephemeral 
ponds that formed after heavy rain. At Port Kembla, 
one adult female moved 1.25 km between breeding sites 
over a 14-month period (Goldingay and Newell 2005b). 
Surprisingly, none of 204 tagged frogs were known to have 
moved between two sites separated by about 500 m of 
essentially open ground. It seems unlikely that these two 
sites were effectively isolated. 

Hamer et al. (2008) provided a detailed description of bell 
frog movements (112 male, 14 female) among waterbodies 
on Kooragang Island. Approximately 50% of movements 
were to the nearest waterbody (—50 m away). Males 
moved significantly further when moving to an ephemeral 
waterbody (mean = 220 m) compared to a permanent 
waterbody (mean = 142 m). The maximum movement 
distances were 1100 m for a male and 360 m for a female. 
The use of ephemeral waterbodies coincided with periods 
of heavy rain. The relative value of such movements and 
habitat use are unknown but part of the breeding strategy 
is likely to involve > 1 spawning event by females and 
depositing eggs at different sites as a form of bet-hedging. 
Permanent and ephemeral waterbodies will differ in their 
nutrient and predator status, and recruitment success 
from these sites may show interannual variation. 

At present, little is known of the dispersal behaviour of 
juvenile bell frogs. However, it is of considerable importance 
to management. It has relevance to translocation where 
the focus has been on using tadpoles (see Daly et al. 
2008b; Pyke et al. 2008). Juvenile frogs may persist around 
breeding sites for some weeks after metamorphosis, van 
de Mortel and Goldingay (1998) described one mass 
breeding event at Port Kembla when >400 juveniles were 
present in vegetation surrounding Goomaditchy Lagoon. 
Many metamorphs were observed dispersing across the 
roadway 100 m away from the lagoon, including one that 
retained a tail longer than its snout-vent length. Another 
juvenile was observed 700 m from the lagoon, which was 
the closest breeding site (Goldingay and Lewis 1999). 
O’Meara and Darcovich (2008) observed juveniles around 
ponds where no tadpoles had been present, indicating 
that dispersal to these ponds had occurred. In Yuraygir 
NIJ Goldingay and Newell (2005a) observed a decline in 
the number of metamorphs around an ephemeral pond 
over several weeks, suggesting dispersal away from the 
breeding sites. Where these individuals disperse to is 
unknown. Understanding this behaviour will provide a 
better understanding of population processes. 
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Threats to recovery 

Reversing the decline of a threatened species is dependent 
on identifying the causes of that decline (Caughley 
and Gunn 1995; Goldingay 1996). An experimental 
approach is usually required to demonstrate that a 
factor has the ability to influence population processes. 
Two factors (exotic fish predation, ultraviolet-B (UV-B) 
radiation) received experimental assessment in 1996. 
Other factors such as habitat alteration were implicated 
from descriptive studies. Since then, other factors such 
as a fungal disease (chytridiomycosis) and increased use 
of fertilizers have received some attention. These factors 
are described below. Fish predation has received more 
attention so is treated in greater detail. 

UV'B radiation 

In the mid'1990s, concern arose that an increase in 
UV'B radiation due to ozone depletion may have been 
the cause of the global decline in amphibians (Blaustein 
et al. 1994). Declining species were more susceptible to 
DNA damage and may have lower levels of enzymes 
(photolyase) that would repair such damage. This impact 
was most likely mediated through reduced hatchability 
of eggs, van de Mortel and Buttemer (1996) conducted 
field experiments with eggs of the Green and Golden Bell 
Frog, Brown Tree Frog L. dentata and Peron’s Tree Frog 
L. peroni. Although bell frog eggs had lower hatching 
success compared to the other species (46% vs. 76%), 
van de Mortel and Buttemer concluded that the lack of 
a difference among treatments suggested that UV-B was 
not the cause of the decline. The much higher clutch 
size in the bell frog (2-11,000; Pyke and White 2001; 
White and Pyke 2002) compared to the other species (L. 
dentata: 250-1900, L. peroni: 500-1900; van de Mortel 
and Buttemer 1996) would also compensate for lower 
hatchability. 

van de Mortel et al. (1998) determined photolyase 
activity for the above three species. Although that of 
the bell frog was considerably lower than for the other 
two species, relative hatching success for unfiltered 
light divided by that for UV-B filtered light did not 
differ, van de Mortel and Buttemer (1998) conducted 
lab studies that investigated the behavioral response 
of tadpoles and frogs of the three species in an arena 
providing a choice between one half with high levels 
of UV'B radiation and the other where 100% of UV-B 
was blocked. Bell frog tadpoles preferred the UV-B free 
area but adults showed no preference, van de Mortel 
and Buttemer concluded that the ability of bell frogs 
and tadpoles to detect and respond to peaks in UV-B 
was unlikely to explain its decline. 

One issue that has not been well documented for this 
factor is that in the north American species in which 
UV-B has been implicated as a factor in the decline of 
amphibians, the egg stage of the life cycle can last >20 
days (van de Mortel et al. 1998). That is, there is an 
extended period over which the eggs may be vulnerable 
to impacts of UV-B. In contrast, the eggs of bell frogs 
hatched within about 3 days of deposition (van de Mortel 


and Buttemer 1996), and they do not remain on the 
surface of the water, so the period over which they would 
be exposed to UV-B is very short. It’s also documented 
that dissolved organic matter may ameliorate the effects 
of UV'B on eggs and larvae of amphibians (Beebee and 
Griffiths 2005). Thus, it seems unlikely that this factor 
has been important to the decline of the bell frog. 

Habitat alteration 

It is widely acknowledged that freshwater wetlands have 
been extensively modified in NSW (Goodrich 1970; 
Daly 1996; White and Pyke 1996; Goldingay and Lewis 
1999; Lewis and Goldingay 1999; DEG 2005). Goodrich 
(1970) estimated that 60% of the wetlands in NSW had 
been extensively modified or reclaimed by 1969. This 
situation must have had an impact on populations of 
bell frogs and cannot be ignored as a contributing factor 
in the decline of this species. Pyke and White (2001) 
observed that most of the sites where the species is now 
found in NSW and Victoria are largely human-made. 
This situation has probably arisen because such sites are 
all that remain in areas of former breeding habitat of the 
bell frog (Goldingay 1996). 

Wetlands on the Illawarra Goast have been removed, 
fragmented and extensively modified (Ghafer 1997; 
Goldingay and Lewis 1999). The BHP steelworks in 
Port Kembla sits astride a former wetland. Sand-mining 
has also greatly modified wetlands in this area (Ghafer 
1997). Bell frog sites through the Illawarra are impacted 
by residential and industrial development, and roads. 
Wetlands on the far north coast have fared somewhat 
better but many have been lost and many impacted 
by extensive sand mining (Glancy 1996; Lewis and 
Goldingay 1999; Goldingay and Newell 2005a). 

There has been no direct assessment of the impact 
of habitat alteration on bell frog populations but 
it is likely there is still an on-going influence. The 
likely impact of habitat fragmentation can be inferred 
from studies that demonstrate that bell frogs have 
persisted where waterbodies are in close proximity 
to each other (Goldingay and Lewis 1999; Hamer et 
al. 2002a). This suggests that the isolation of and a 
reduction in the number of local breeding sites is likely 
to compromise population viability because it leads to 
reduced local population size and increases dispersal 
distance. Research that provides a more detailed 
understanding of habitat loss and fragmentation would 
greatly inform attempts to conserve and restore habitat 
of this species. 

Ghristy and Dickman (2002) investigated the tolerance 
of tadpoles to various levels of salinity, stating that rising 
salt in coastal localities as a consequence of changes to 
landscapes was a potential threat to bell frog breeding 
sites. They found that tadpoles tolerated 4% seawater 
but above that there was a significant reduction in 
growth and increased mortality. Salinity of 10% seawater 
and above caused total mortality within several days. 
Detailed field data are required to determine the extent 
that this might be a management issue. 
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Increased fertilizer use 

Hamer et al. (2004) hypothesised that an increase in 
fertilizer use from the 1960s through the 1970s had led to 
a build up of fertilizer that was washed into waterbodies 
after heavy rain and this resulted in mass mortality of 
tadpoles. Rainfall in 1974 was exceptionally high (43% 
higher than average) and occurred in the year after the 
peak in superphosphate application. This coincided with 
the period in which there was a decline in the reporting of 
bell frogs in the NSW Wildlife Atlas. Hamer et al. (2004) 
went on to conduct lab experiments in which tadpoles 
of three species, including bell frogs, were exposed to 
ammonium nitrate and calcium phosphate fertilizers. 
They found that bell frog tadpoles alone had higher 
mortality at the higher concentrations of these fertilizers. 
However, average survival of bell frog tadpoles was still 
high (>75%) and higher than that of the common 
froglet Crinia signifera in all treatments for both fertilizers. 
Survival of froglet tadpoles was less than 50% in 3 of 8 
treatments. These differences weaken any conclusions 
about the effect of fertilizer. 

Chytrid fungus 

Due to the coincidence of precipitous declines in the 
abundance of many species of amphibian around the 
world, a common cause had long been hypothesized (e.g. 
Laurance et al. 1996). The agent that was eventually 
implicated as having a global impact was the amphibian 
chytrid fungus Batrachochytrium dendrobatidis (Berger et al. 
1998). The disease this causes is chytridiomycosis, which 
manifests itself as lethargy, skin discolouration, excessive 
sloughing of skin and ultimately death (Berger et al. 1999). 
Despite this disease being implicated in the decline and 
extinction of 14 Australian rainforest frogs (Retallick et 
al. 2004), the role of the chytrid fungus in the decline of 
the Green and Golden Bell Frog is not well documented, 
but the disappearance of this species from locations where 
other causal agents could not be implicated (Osborne et 
al. 1996; Mahony 1999) suggests it has had an impact. 
Infection by chytrid fungus was listed as a key threatening 
process nationally in 2002 and in NSW in 2003. 

Penman et al. (2008) observed a mortality event at 
Sydney Olympic Park in one month, in which 17 of 23 
dead bell frogs tested positive for chytrid. Despite this, 
bell frog counts remained at equivalent levels throughout 
an 8'year period. Stockwell et al. (2008) conducted an 
introduction of 850 bell frog tadpoles into a fenced area 
containing 3 ponds. Metamorphosis occurred in a high 
percentage of tadpoles, leading to counts of 10-25 juveniles 
around the ponds in the subsequent 2 months. Few bell 
frogs appeared to survive beyond 8 months. Six bell frogs 
were found dead 3-5 months after metamorphosis and 
4 of 5 of these tested positive for chytrid. Furthermore, 
53% of 60 live bell frogs tested positive for chytrid in 
that period. Chytrid infection was implicated as the 
cause of the failure of this introduction. Chytrid has 
not been implicated in two other re-introductions. Daly 
et al. (2008b) observed few adult bell frogs 1-2 years 
after the release of 6000 bell frog tadpoles. Chytrid was 
identified in Idtoria verreauxii and Limnodynastes peronii 


approximately 1 km from the release site but not in any 
frogs at the release site. Pyke et al. (2008) observed 45 
bell frogs (>48 mm snout-vent length) after the release of 
approximately 9,000 bell frog tadpoles over several years. 
They reported no signs of diseased frogs and implicated 
other factors in the poor results. 

In other studies, properties of the aquatic environment 
have been postulated as bestowing protection from chytrid 
infection. Daly et al. (2008a) found that 12 bell frogs 
tested negative for chytrid at Meroo National Park and 
suggested that sulphur in the sediment of the lakes where 
frogs occur may confer some benefit in precluding the 
fungus. Osborne et al. (2008) described the occurrence of 
a highly restricted bell frog population on the Southern 
Tablelands where other populations disappeared in the 
1980s. They suggested that heavy metal contamination 
of the Molonglo River and floodplain from a mine tailings 
dam may confer fungicidal benefits to the frogs in this 
system of waterbodies. Sick-looking specimens of bell 
frog from the upper floodplain have tested positive for 
chytrid. Similarly, Threlfall et al. (2008) postulated that 
the persistence of bell frogs at several former industrial 
sites in Sydney and Port Kembla, where heavy metal 
concentrations exceed environmental standards, could 
be due to the fungicidal properties of heavy metals. It 
is possible also that salt may confer fungicidal benefits. 
White (2006) documented the death of several adult bell 
frogs that tested positive for chytrid infection from the site 
of the Marrickville Community Nursery. Tadpoles raised 
at Taronga Zoo had been released into a 3 m diameter 
pond at the site. The salinity in the pond was raised to 
3% sea water and 40 tadpoles released. Two months later 
33 juvenile frogs were present. No chytrid-related deaths 
were detected. 

Further research is needed to understand the frequency 
of chytrid infection in different bell frog populations. 
This needs to be coupled with research that aims to 
mitigate the impact of the fungus (e.g. White 2006). 
The seriousness of chytrid infection across the range of 
the Green and Golden Bell Frog is poorly known and 
this will hamper most recovery efforts. Kriger and Hero 
(2006) reported the apparent ability of Stony Creek 
Frogs Idtoria wilcoxii in south-east Queensland to clear 
their chytrid infections. Beebee and Griffiths (2005) have 
highlighted some inconsistencies in infection frequencies 
and decline or survival. They suggest it remains unclear 
whether the fungus is a primary or secondary cause of 
amphibian declines. 

Influence of fish on bell frog breeding 

Impacts from Plague Minnows 

Predation by the Plague Minnow (hereafter gambusia) 
was implicated in the decline of the Green and Golden 
Bell Frog by many authors in 1996 (see Daly 1996; 
Goldingay 1996; White and Pyke 1996). Morgan and 
Buttemer (1996) conducted various experiments in the 
lab and in the field, in which they observed high mortality 
of bell frog tadpoles in the presence of gambusia. Mahony 
(1996) noted some negative association of bell frogs 
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with gambusia in the field while Pyke and White (1996) 
reported that breeding was more likely where predatory 
fish were absent. Gillespie (1996) found no apparent 
decline by bell frogs in East Gippsland where gambusia 
was absent. 

Subsequently, further studies have demonstrated that 
gambusia has a negative effect on bell frogs and their 
tadpoles but the presence of several sites where bell frogs 
breed in the presence of gambusia has led some authors 
(e.g. Mahony 1999) to conclude that gambusia predation 
is not a complete limiting factor. A negative association 
between bell frogs and gambusia has been found at sites 
on the NSW north coast (Lewis and Goldingay 1999) 
and on the lllawarra coast (Goldingay and Lewis 1999). 
Pyke and White (2000) conducted numerous predation 
experiments on bell frog tadpoles. They concluded that 
gambusia was a voracious predator on tadpoles and 
suggested that the few sites where the two co-exist may 
provide insights for managing impacts from gambusia. 
Pyke and White (2001) noted that gambusia was present 
at 77 of 86 sites where bell frogs disappeared prior to 
1990 where habitat destruction had not occurred. They 
suggested there was a need to determine what allowed 
bell frogs to breed in waterbodies with gambusia. Pyke et 
al. (2002) also noted a negative association of bell frogs 
with gambusia. In New Zealand they found bell frogs at 
6 of 10 sites without gambusia but none of 3 sites with 
gambusia. In Victoria, gambusia was absent from 41 sites 
where records of bell frogs occurred. 

Goomaditchy Lagoon near Port Kembla has become 
well known for the occurrence of bell frog breeding in 
the presence of gambusia. In documenting this situation 
van de Mortel and Goldingay (1998) postulated that 
submergent vegetation may have allowed tadpoles to 
escape predation. On Kooragang Island, Hamer et al. 
(2002b) noted breeding by bell frogs in 3 of 36 ponds 
with gambusia, and 1 of 7 without. Adult bell frogs 
were present at 16 of the waterbodies with fish. They 
concluded that breeding was not determined by the 
presence of gambusia. They found that the abundance of 
certain plants explained the presence of adult bell frogs at 
waterbodies. It was unclear why breeding occurred in just 
4 ponds when many more were occupied by adult frogs. 

Recent studies confirm the negative impact that gambusia 
has on bell frog tadpoles. Pyke et al. (2008) conducted a 
translocation of bell frog tadpoles to ponds at Long Reef 
Golf Course. During the initial release they were unaware 
that several ponds had gambusia or native fish present. 
Subsequent surveys detected tadpoles only in fish-free 
ponds. Gambusia colonised created ponds at Botany 
and prevented the survival of translocated tadpoles 
(White and Pyke 2008b). O’Meara and Darcovich (2008) 
described the control of water levels in ponds specifically 
constructed for bell frogs at Sydney Olympic Park. These 
ponds had inadvertently become colonised by gambusia 
from an adjoining creek. Connection of each pond to a 
water reticulation system enabled a management regime 
in which approximately one-third of the 22 ponds was 
drained over a 1-week period in three consecutive years. A 
different set of ponds was drained each year and remained 


gambuisa-free, with one exception, for 2-5 months. 
Tadpoles, including those of bell frogs, were observed in 
ponds on 17 of the 22 occasions they were fish-free but on 
only 3 of 44 occasions for those that were not drained in a 
given year and contained fish. The dispersion of juvenile 
frogs across the ponds was only partly aligned with those 
that had been drained, while adults were even less aligned 
with the fish-free status of the ponds. 

The conclusion to be drawn from existing studies is that 
gambusia does prey on bell frog tadpoles and is almost 
certain to be regulating population size and recovery by 
bell frogs in NSW Noting that bell frog breeding and 
persistence has occurred at sites with gambusia (e.g. White 
and Pyke 2008a) does not demonstrate a lack of impact 
from fish predation but that some site conditions may 
partially reduce the impact. Lurthermore, the presence of 
adult bell frogs at ponds containing fish cannot be used as 
evidence that fish are not regulating bell frog abundance. 
That bell frogs have disappeared or are absent from sites 
without gambusia confirms that other factors have had 
a role in the decline of this species and may continue to 
prevent its recovery (see above). 

Gambusia predation was listed in NSW as a key threatening 
process in 1999. A Threat Abatement Plan was published 
in 2003 (NPWS 2003). This introduced many procedural 
changes but at present has not led to any significant 
developments at bell frog sites that may promote recovery. 
Given that gambusia is so widespread there should be no 
complacency in attempting to mitigate its likely impact on 
frog populations. 

Co-occurrence of bell frog breeding and 
gambusia at Port Kembla 

Sites with gambusia where bell frogs have bred can 
offer important insights to the impact of this fish 
and how this may be reduced. Gambusia occurs at 
both Goomaditchy Lagoon and Korrongulla Wetland 
in Port Kembla but at a higher density at the former 
site (Goldingay and Lewis 1999). Over a 3.5-year 
period 20-63 adult bell frogs were counted at night 
in 2-month census-periods at Goomaditchy (Pig. 3). 
Juvenile bell frogs were observed during 6 of 7 census- 
periods, with large numbers (>100) observed in two 
census-periods. During the same 3.5-year period small 
numbers of adults were detected at Korrongulla (located 
approximately 2.5 km south of Goomaditchy). Only 
three juveniles were ever detected at Korrongulla (Pig. 
3). The permanent ponds at Korrongulla have resulted 
from sand-mining and are steep-sided and provide 
little scope for avoidance of predation by fish. The one 
ephemeral pond there received water and fish from 
the permanent ponds during extreme rainfall events. It 
appears that fish predation is limiting population size 
at this site. 

How do bell frogs at Goomaditchy successfully reproduce 
in the presence of gambusia? Observations of dense mats 
of potamogeton during spring (Goldingay pers. obs.) 
led van de Mortel and Goldingay (1998) to postulate 
that aquatic vegetation enabled tadpoles to avoid 
predation. Purther observations at Goomaditchy led 
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Figure 3. Maximum single night counts of adult frogs 
around Coomaditchy Lagoon and Korrongulla Wetland. 
Values above bars are the maximum single counts of 
juvenile frogs. Source: Goldingay and Lewis (1999). 


Goldingay and Lewis (1999) to postulate that variable 
recruitment events were mediated by above average 
rainfall that provided conditions enabling tadpoles to 
evade predation. They suggested such rainfall caused 
water in the lagoon to spill into the surrounding grassy 
area, which provided protected sites for spawning and 
retreat sites for tadpoles. 

I tested this hypothesis by collecting data on tadpoles and 
fish following an extreme rainfall event in early February 
2002. During a previous but similar event, water from 
the lagoon extended well into the surrounding grassy 
area but after one week had retreated several metres 
(Fig. 4) and continued to recede over further weeks. 



Figure 4. Flooding at Goomaditchy Lagoon approximately 
I week after an extreme rainfall event in October 1998. 
The high water mark for this event can be seen as a line 
of debris on the grass behind the sign. 

Data were collected 1 week (16 Feb), 3 weeks (4 
Mar), 5 weeks (18 Mar), and 8 weeks (7 Apr) after the 
rainfall event. During each period, dip net sampling 
was conducted after dark along the northern side 
of the lagoon at lO-m intervals over a distance of 
approximately 150 m, heading from the western end to 
the eastern end (i.e. 12'15 sampling points). At each 
sampling site three microhabitats were sampled; water 
<10 cm in depth, water 20-30 cm in depth and open 
water (ca. 1 m deep). These are referred to as shallow, 
middle and deep-water zones. Sampling at each site 
consisted of dragging the net (30 cm dia.) through 
a single straight scoop and counting the number of 
tadpoles and fish retained in the net. 

During week 1, the number of fish in the 3 zones was 
extremely low (Fig. 5). By week 3, the number in the 
middle zone had increased substantially and doubled 
over the next 5 weeks. The number in the shallow zone 
was still low after 3 weeks but was as high as the middle 
zone by week 5. It is assumed that outside an extreme 
rainfall event fish numbers in the three zones would be 
at least at the levels recorded in week 8. Most tadpoles 
occurred in the shallow zone across the eight weeks 
of sampling (Fig. 5). The number was high in week 1 
but by week 3 had decreased by over 50%. Tadpoles 
stayed amongst the grass within the shallow zone as the 
water’s edge retreated back to the usual lagoon edge. It 
appeared that the grass was providing retreat sites to 
the tadpoles. These observations suggest that mortality 
of tadpoles was substantial in the first few weeks (few 
could metamorphose within 4 weeks) and coincided 
with an increase in fish numbers, though waterbirds are 
also likely to have contributed to the decline. 

There is a need for much more research to be done 
to better understand the interaction between bell frog 
tadpoles and fish. The above data demonstrate the 
unusual circumstances that allow breeding to occur 
at Coomaditchy Lagoon. They highlight the reliance 
on uncommon rainfall events for tadpoles to have any 
chance of surviving and add support to the hypothesis 
that above average rainfall is required for juvenile 
recruitment to occur. 
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Figure 5. The number (±se) of a) exotic fish (Gambusia 
holbrooki), and b) tadpoles (both L oureo and Urn. peroni) 
detected in single sweeps of a dip-net in Coomaditchy 
Lagoon beginning on I 6 February 2002. 

In 2004, several carp Cyprinus carpio were apparently 
intentionally introduced to Coomaditchy Lagoon. This has 
coincided with the disappearance of spikerush Eleocharis 
sphacelata from the lagoon (Figs 6, 7). Few bell frogs have 
been seen there since (Gaia Research 2008). It will be 
difficult and expensive to remove carp from the lagoon. A 
simpler approach is to provide a series of small ponds that 
are ephemeral or which could be easily drained adjacent 
to the lagoon. Adult frogs could use the lagoon for shelter 
and foraging but move to the small ponds to breed. 

Impacts of native fish 

Native fish may also limit the breeding success of bell frogs. 
Bell frogs in Victoria occupied permanent waterbodies 
where native fish were absent (Gillespie 1996). Pyke 
and White (2000) noted that native fish may prey 
on bell frog tadpoles but they did not consider this a 
serious situation. Permanent waterbodies in Yuraygir NP 
in north-east NSW contained many species of native 
fish, including empire gudgeon Hypseleotris compressa, 
firetail gudgeon Hypseleotris galli, mullet Mugil cephalus, 
pacific blue-eye Pseudomugil signifer and eel Anguilla sp. 
(Goldingay and Newell 2005a). Observations suggest 
that bell frogs do not breed successfully in Blue Lake and 
poorly in a swamp connected to it where native fish also 
occur (1-8 metamorphs observed across 5 years), though 
fish numbers appear to fluctuate seasonally. Juvenile 
bell frogs were detected during only 3 of 7 observation 
periods when adult numbers frequently exceeded 20 
individuals (Fig. 8). This contrasts markedly with the 
observations at Coomaditchy (Fig. 3). The most successful 



Figure 6. North-western side of Coomaditchy Lagoon In 
1998 showing extensive beds of spikerush. 



Figure 7. North-western side of Coomaditchy Lagoon in 
2008 showing no beds of spikerush.This loss is attributed 
to the deliberate introduction of carp into the lagoon. 


breeding event recorded in Yuraygir NP occurred in 
an ephemeral pond where fish were absent. Pyke et al. 
(2008) released hundreds of bell frog tadpoles into two 
ponds that contained native fish (Galaxia maculates and 
Anguilla australis) and other fish-free ponds. Subsequent 
monitoring revealed tadpoles and metamorphs only at the 
fish-free ponds. Daly et al. (2008a) recorded few bell frog 
metamorphs at sites with native fish on the NSW south 
coast where adult bell frogs occurred. 

These observahons suggest that bell frogs may experience 
poor breeding success where any fish are present and they 
may be quite dependent on ephemeral ponds. Further field 
studies that consider the impact of native fish on bell frog 
tadpoles are likely to provide important insights that can 
influence a range of management actions at bell frog sites. 

An hypothesis for bell frog declines 
and disappearances 

There has been much speculation and discussion over 
the years about the causes of the decline of the Green 
and Golden Bell Frog (Goldingay 1996; Mahony 1996, 
1999; Osborne et al. 1996; White and Pyke 1996). Many 
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Figure 8. Number of adult bell frogs tagged in Yuraygir NP 
and number of juvenile frogs counted around waterbodies. 
The number of survey nights is shown below each period. 
Source: Goldingay and Newell (2005a). 

have sought a single explanation but exceptions readily 
occur that has led to questioning of specific hypotheses. 
For example, gambusia has been absent from a number 
of sites where bell frogs have disappeared (Osborne et al. 
1996; Mahony 1999). 

Here I review information provided by a number of 
authors to identify some broad patterns in the decline and 
disappearance of several bell frog species. 1 believe there 
are many similarities in the decline of these species that 
provide important insights for conserving populations of 
both Green and Golden Bell Frogs and Southern Bell 
Frogs. The proximate cause of the declines appears to be 
several factors but one factor may be the ultimate cause. 

Southern Tablelands extinctions 

Osborne et al. (1996) reviewed information on the 
distribution and abundance of bell frogs from a small 
number of sites around the Australian Gapital Territory 
(ACT) and the Southern Tablelands. For areas above 
400 m elevation, museum specimens documented 15 
locations for the Green and Golden Bell Frog, 23 
locations for the Southern Bell Frog and 10 locations 
for the YelloW'Spotted Bell Frog (L. castanea). From 68 
frog choruses recorded at different locations during late 
September to October in 1975 and 1976, five included 
Green and Golden Bell Frogs, five included Southern 
Bell Frogs and three included Yellow-spotted Bell Frogs 
(Osborne et al. 1996). These data suggest that there were 
relatively few locations at which any of the three species 
occurred. Although it was reported that these species 
were abundant at individual sites (described as “large 
numbers”), it appears that many of the locations were 
widely spaced. Humphries (1979) observed bell frogs 
at one ACT site containing 6 ponds where he reported 
there were <30 adult Green and Golden Bell Frogs 
and <5 female Yellow-spotted Bell Frogs. One could 
conclude from these descriptions that both of these 
species had small ranges on the Southern Tablelands 
and their populations were characterized by small sizes. 
Gambusia was absent from many sites where bell frogs 
occurred (Osborne et al. 1996). 


Northern Tablelands extinction 

Mahony (1999) documented the small geographic range 
of the Yellow-spotted Bell Frog, centred around Guyra. 
There are just 13 sites in this area from which it was 
known based on museum specimens. The species was 
reported to be reasonably abundant with 42 individuals 
lodged with the Australian Museum collected on a single 
day (Mahony 1999). Gambusia is now abundant on the 
New England Tablelands. 

Central Tablelands extinctions 

The Green and Golden Bell Frog occurred historically 
at a small number of sites associated with the Macquarie 
River near Bathurst (White and Fyke 1999). The species 
was sufficiently abundant at several locations that it was 
collected as a food item for captive snakes. It appears 
that gambusia was not well established in the area until 
the late 1960s, which coincided with increased drainage 
of the floodplain that removed known bell frog breeding 
sites. The Green and Golden Bell Frog disappeared from 
the Bathurst area in the early 1970s (White and Fyke 
1999). The Yellow-spotted Bell Frog was known from 
three locations in the Bathurst-Orange area (White and 
Fyke 1999). The record near Orange was made in 1977 
and consisted of 10 frogs. White and Fyke (1999) also 
suggest that the records of local herpetologists indicate 
that the Southern Bell Frog occurred at three locations 
near Bathurst. 

Synthesis 

The observations on bell frogs from the tablelands areas 
suggest that these species occurred at a relatively small 
number of sites and few appeared to be characterized 
by large local population sizes. Their demise on the 
Gentral Tablelands coincided with habitat loss and 
increased prevalence of gambusia. Mahony (1996, 1999) 
pondered differences in rainforest frog declines and bell 
frog declines, and noted that the main similarity was high 
elevation. Hero et al. (2005) analysed the ecological traits 
of Australian upland frogs to determine whether any traits 
could explain the decline of species. They collated data for 
40 upland species of which 20 had declined. They found 
that declining species were significantly characterized by 
small range size and small clutch size. Murray and Hose 
(2005) examined life history traits of 148 Australian frogs 
to determine whether any traits were associated with 
declining species. They found that species with narrow 
geographic ranges were predisposed to decline but clutch 
size was not correlated with decline. 

Small range size is a trait shared with the Yellow-spotted 
Bell Frog. Although this species is now recognized to 
have occurred on the Southern, Northern and Gentral 
Tablelands of NSW (Thomson et al. 1996; White and 
Fyke 1999), its geographic range was highly disjunct and 
quite restricted in these regions. The Green and Golden 
Bell Frog also had a restricted range on the Southern and 
Gentral Tablelands where it occurred. Thus, because a 
narrow geographic range predisposes a species to decline, 
small disjunct segments of ranges are likely to predispose a 
species to at least local extinction. Geographic range size 
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is strongly correlated with abundance in Australian frogs 
(Murray et al. 1998). In general, species with large ranges 
occur at a larger number of sites and are more abundant 
than those with small ranges (e.g. Gaston et al. 2000). 
Thus, they are likely to be associated with bigger total 
population sizes. This may allow local populations to be 
rescued by dispersal if they become extinct. Therefore, the 
small ranges (or segments of ranges) of bell frogs occurring 
in tableland areas fostered susceptibility to decline due to 
low population size. 

Bell frogs have large clutch sizes (Pyke and White 2001; 
Pyke 2002; White and Pyke 2002), which is a paradox 
for a declining species (Hamer and Mahony 2007). Large 
clutch size should confer resilience to environmental 
factors that might cause population fluctuations, but loss 
of habitat coupled with the appearance of exotic fish and 
disease may have over-ridden this. 

At the local scale, the extent of a distribution appears of 
critical importance to population persistence. A feature 
of the coastal sites where the Green and Golden Bell 
Frog has persisted is that there are multiple waterbodies 
located within a relatively small distance (i.e. 1-2 km) 
(e.g. Broughton Island and Crescent Head, G. Pyke 
pers. comm.; Homebush Bay, Darcovich and O’Meara 
2008; Kooragang Island, Hamer et al. 2002a, 2008; 
Meroo National Park, Daly et al. 2008a; Port Kembla, 
Goldingay and Lewis 1999; Queanbeyan, Osborne et al. 
2008). It appears likely that this has allowed a larger local 
population to persist than if only a single waterbody was 
available. Furthermore, the local population would have 
occurred as a metapopulation (subpopulations connected 
by dispersal). This feature now appears to be a key to 
conserving populations of the species. 

Thus, it appears that the ultimate cause of the decline 
of the bell frogs has been habitat loss and habitat 
fragmentation which disrupted population processes. The 
genetic study of Burns et al. (2007) revealed that no 
major dispersal barriers occurred historically across the 
range of the Green and Golden Bell Frog. Currently, 
gene flow among fragmented populations is likely to be 
extremely limited (Burns et al. 2004, 2007). With reduced 
population size at the local scale the species has become 
vulnerable to the proximate causes of its decline such as 
fish predation and chytrid infections. The remedy to this 
is large local population size dispersed across multiple 
breeding sites. 

Conservation Planning 

The draft recovery plan for the Green and Golden Bell 
Frog (DEC 2005) provides a detailed account of the 
actions that are needed to secure the long-term recovery 
of this species. The actions listed are by necessity general 
so their greatest value is by stating how they should be 
integrated with legislation and other regulations. Here, I 
want to comment briefly on what progress has been made 
in recovery during the last 12 years. 

In 1996,1 argued the case that the conservation plan for 
this species needed to consider a range-wide approach 
that would ensure conserving multiple viable populations 
for each of several geographic areas across the entire range 


(Goldingay 1996). Within a given area, it was likely that 
conservation would require large areas of interconnected 
sites (White and Pyke 1996). Indeed, Gillespie (1996) 
noted that the species occupied a mosaic of relatively 
intact wetlands in East Gippsland, Victoria. Guidelines 
were provided for habitat restoration based on statistical 
analysis of breeding and non-breeding sites (Pyke and 
White 1996). A number of site-based management issues 
were identified (Daly 1996; Osbourne and McElhinney 
1996), including concern about the value of translocation 
of the species (Greer 1996). It was argued that an 
experimental approach was needed to identify the causes 
of bell frog decline (Goldingay 1996; Mahony 1996). 

Since 1996, progress has been very slow. The draft 
recovery plan (DEC 2005) has not been finalised though 
many actions have been implemented. This recovery plan 
has advocated range-wide conservation, targeting multiple 
populations per geographic region throughout the range. 
An important element of this plan was a recommendation 
for monitoring of key regional populations (ca. 35 are 
listed). Monitoring is central to understanding how 
populations are tracking and may be the basis for site- 
based recovery actions. To date, it appears that little of this 
has occurred though there have been some opportunistic 
surveys conducted and collation of community records for 
some key populations (see DEC 2007a,b,c,d,e,f,g). 

A short-coming of the recovery plan is that there is no 
focus on evaluating the level of threat to the various 
key populations. This would enable the identification of 
specific populations that are in need of urgent attention. 
Hopefully, this would lead to a targeted approach to 
recovery actions. At present the approach is ad hoc, with 
populations receiving attention based on unspecified 
criteria. 

Understanding the population ecology of this species 
is central to its conservation but our current level of 
understanding is incomplete. Much more research on this 
topic is needed. It appears that gambusia (and possibly 
native fish) will continue to limit population recovery and 
that management at all sites must address this. O’Meara 
and Darcovich (2008) describe a program of intensive 
management of gambusia at Sydney Olympic Park that 
appears to have had success, but this approach will not 
be suited to many locations due to expense. However, less 
costly approaches involving shallow ponds (ephemeral or 
manufactured) could also be adopted. Many populations 
would benefit from provision of supplementary breeding 
sites. Many projects have occurred where breeding habitat 
has been created (Goldingay and Lewis 1999; O’Meara 
and Darcovich 2008; Pyke et al. 2008; White and Pyke 
2008a,b) but documenting how bell frogs respond to such 
habitat is at a preliminary stage. 

Some may view the use of translocation of the Green and 
Golden Bell Frog as a waste of management resources, 
particularly in light of the limited success that has been 
documented. However, the studies conducted thus far 
(Daly et al. 2008b; Pyke et al. 2008; Stockwell et al. 2008; 
White and Pyke 2008b) have relied heavily on in-kind 
contributions that would have been largely unavailable 
for other recovery actions. Of particular relevance is 
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that these studies can be viewed as small-scale field 
experiments. Translocations have had partial success 
but much has been learnt in the process. In the case of 
Long Reef, further insight to the impact of fish on bell 
frog tadpoles has been demonstrated and the influence of 
pond temperature on tadpole development identified as 
a management issue. There needs to be recognition that 
translocation is not a simple management action and that 
further research is needed to refine how it is conducted. 

Conclusion 

The Green and Golden Bell Frog suffered a dramatic 
reduction in range and abundance between 1970 and 
1990 (White and Pyke 1996) and population losses have 
continued during the last 10 years (White and Pyke 
2008a). This is symptomatic of a species that remains 
caught in an extinction vortex (sensu Gilpin and Soule 
1986). Do we have enough information to reverse this 
situation? I believe that we do but there needs to be a 
strong commitment from government agencies. Sydney 
Olympic Park is an example where such a commitment 
has been made and results appear encouraging (Darcovich 
and O’Meara 2008; Muir 2008; O’Meara and Darcovich 
2008). One might argue that a vast amount of money 
has been spent to achieve this but this need not be the 
case at other locations. The success of the management 
at Sydney Olympic Park has derived from starting with 
an appropriate set of conservation principles, which 
essentially were to retain and enhance the core breeding 
area and create new areas of breeding habitat away from 
the core area. This has been achieved and subsequently 
a commitment has been made to manage the impact of 
gambusia. 

Conservarion principles have been articulated for other 
locations such as Port Kembla (e.g. Goldingay and Lewis 
1999). Indeed, the value of crearing new breeding habitat 


was demonstrated here with breeding occurring in a small 
constructed pond used by at least 40 adult bell frogs over 
a d-year period (Goldingay and Lewis 1999; Goldingay and 
Newell 2005b). However, continued discussion of what 
management actions are needed at Port Kembla (e.g. DEC 
2007a; Gaia Research 2008) has allowed an immense period 
of hme to be lost. This has coincided with an apparent 
decline in bell frog abundance and deterioration in the 
conservarion prospects of the local population. At Port 
Kembla there are many members of the local community 
extremely willing to assist bell frog conservation (Goldingay 
2008). Time will tell whether a real commitment to long¬ 
term bell frog conservation materializes from government 
agencies for this area. The short-term success of one small 
breeding pond demonstrates that effective management 
actions need not be very expensive. 

There is no doubt that further studies are needed to extend 
our understanding of how to manage populations of the 
Green and Golden Bell Frog. Small-scale experimental 
studies (with adequate controls and replication) should 
proceed in tandem with other recovery efforts. For 
example, the influence of the chytrid disease in preventing 
bell frog population recovery is unknown and must be 
studied throughout the geographic range of the bell frog. 
An identified management technique to reduce the impact 
of chytrid that could be investigated in an experimental 
context may be as simple as treating small breeding ponds 
with salt or sea water to prevent chytrid infection (e.g. 
White 2006). In terms of other recovery efforts, there 
needs to be recognition that if management reports are 
not turned into on-ground actions (see White and Pyke 
2008a), then significant population losses will occur over 
the next 10 years. The predicament of the Green and 
Golden Bell Frog is symptomatic of how threatened the 
coastal wetlands are in which it occurs. These ecosystems 
need considerable management attention if they are to 
retain their biodiversity. 
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